Introduction
Asthma and COPD are considered as chronic airway inflammatory diseases, which are typically associated with Th2-mediated immune response in asthma and related to the characteristics of Th1-mediated immunity in COPD. 1 Asthma-COPD overlap (ACO) is the term to describe patients who have features of both asthma and COPD, recommended by the 2017 Global Initiative for Asthma (GINA) and the Global Initiative for Chronic Obstruction Lung Disease (GOLD) guidelines. Patients with asthma and COPD are commonly seen in clinical practice. In addition, compared with patients with asthma or COPD alone, patients with ACO experience frequent exacerbations and hospitalizations, have poor quality of life, a more rapid decline in lung function and high mortality, and consume a disproportionate amount of health care resources than asthma or COPD alone. 2, 3 As asthma and COPD are heterogeneous diseases, each with a range of underlying mechanisms, ACO does not represent a single disease or phenotype. The clinical phenotypes and underlying mechanisms of ACO remain controversial, and there is no consensus on the best definition of ACO. Assessment of airway inflammation is normally recognized as an important aspect in the diagnosis and clinical control between asthma and COPD. Measurement of airway eosinophilia is a reliable predictive index of responsiveness to inhaled and oral corticosteroid therapies in patients with asthma and COPD. In addition, airway inflammation can be measured through the airway noninvasively by induced sputum analysis. In 2016, the normal reference values of induced sputum cytology in the People's Republic of China were defined as sputum eosinophils $2.5%, which was identified as airway eosinophilia. 4 The biomarkers are considered as a direct, reliable, sensitive, simple and repeatable method of assessing airway inflammatory phenotypes, widely used in clinical practice. However, the significance of these inflammatory biomarkers in the diagnosis and therapy of ACO remains unclear.
We conducted a cross-sectional study to 1) evaluate the diagnostic performance of induced sputum analysis, which may be able to indicate airway eosinophilic/neutrophilic inflammation in patients in the differentiation of asthma, COPD and ACO and 2) assess the relationship between sputum eosinophils, bronchial hyperresponsiveness (BHR) and bronchodilator reversibility in asthma and ACO.
Patients and methods

Significance of study
The aim of the study was to evaluate the diagnostic performance of induced sputum analysis in the differentiation of asthma, COPD and ACO, and assess the relationship between sputum eosinophils, BHR and bronchial reversibility in asthma and ACO. Data were collected during regular clinical practice and medical procedures and analyzed retrospectively. Patients were divided into three study groups: asthma, COPD or ACO.
Asthma patients were diagnosed according to a clinical history of wheezing, cough, chest tightness or shortness of breath, as well as the presence of BHR (cumulative dose causing a 20% decrease in FEV 1 ), based on the GINA guidelines. None of them had a history of COPD, or previous doctordiagnosed ACO. All subjects had not used any oral or/and inhaled corticosteroid (ICS) in the previous 12 weeks. The included patients with asthma had initial diagnosis and were under uncontrolled stage.
COPD patients were diagnosed according to the GOLD criterion, which included a post-bronchodilator spirometry to confirm airflow obstruction (FEV 1 to forced vital capacity ratio [FEV 1 /FVC] ,70%), in a clinical context (dyspnea, chronic cough or sputum production, and a history of exposure to risk factors for the disease). They had received a COPD diagnosis at least 1 year before the study. None of them had a history of asthma. All subjects had not used any oral or/and ICS in the previous 4 weeks. The included COPD patients had exacerbations.
There are currently no internationally accepted criteria for the diagnosis of ACO. Thus, in this study, we defined ACO patients according to the 2017 GINA/GOLD document 1) the presence of clinical characteristics of asthma and COPD 2) a post-bronchodilator spirometry reading confirming airflow obstruction (FEV 1 /FVC ,70%); and 3) a post-bronchodilator increase in FEV 1 .12% and 200 mL from baseline, or increase in FEV 1 .12% and 200 mL from baseline after a week of anti-inflammatory treatment. The degree of ACO patients' airway obstruction was defined by the GOLD stage of COPD. All subjects had not used any oral or/ and ICS in the previous 12 weeks. The included patients with ACO had exacerbations and were under uncontrolled stage.
We excluded patients if they had confounding pulmonary comorbidities, such as pulmonary tuberculosis, interstitial lung disease, lung cancer or pulmonary infection, and had a cognitive impairment that may affect the collaboration or comprehension of the study.
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PFT
Airway limitation was identified using lung function machine (MS-pneumo + aps; Jaeger, Friedberg, German) by an experienced technician according to the 2014 recommendations of the Chinese National Guidelines of Pulmonary Function Test. Percentage predicted values (%pred) were calculated based on reference values for healthy Chinese adults. All patients were required to undergo PFT in a reproducible way, and the best values were retained. 5 
Bhr test
PFT values were assessed prior to the methacholine challenge. Patients with a FEV 1 %pred ,60% were excluded from the BHR test (at baseline). The breath dosimeter method was used according to published guidelines from Chinese National Guidelines of Pulmonary Function Test. 5 The test sequence included five steps: 0.9% NaCl only, 0.078, 0.312, 1.125 and 2.504 mg. Airway responsiveness was expressed as the PD 20 of methacholine (causing a 20% reduction in FEV 1 ) required to induce a 20% decrease in FEV 1 (PD 20 ), and the positive response was defined as PD 20 #2.504 mg (between NS and 2.504 mg). 5 
Bronchodilator reversibility test
Patients were asked to inhale 400 μg salbutamol via a metereddose inhaler after baseline evaluation, and PFT was repeated not less than 20 minutes. Three forced expiratory maneuvers were recorded. Postbronchodilator FEV 1 /FVC ,70% and the positive response, which was defined as FEV 1 .12% and 200 mL after salbutamol inhalation, were obtained. 5 
sputum induction
Sputum was induced with hypertonic saline inhalation through ultrasonic atomizer. A single hypertonic saline (3% NaCl) was used. Patients were asked to inhale 400 μg salbutamol via a metered-dose inhaler 20 minutes before induction. Collected lower respiratory sputum portions of induced sputum were dispersed using 0.1% dithiothreitol in a water bath (37°C) and oscillator 15 minutes before the 300 mesh nylon mesh filter.
Subsequently, total cell count was centrifuged, smeared and stained (hematoxylin-eosin). A differential cell count was obtained from 400 cells under 400× microscope to identify the severity and type of airway inflammation in patients with COPD. Oral squamous cell count less than 10% in each sample was deemed adequate for further analysis. We defined sputum eosinophilic percentage of $2.5% as abnormal. 4 
statistical analysis
Analysis of the data was performed using SPSS 19 (IBM Corporation, Armonk, NY, USA). Continuous variables are expressed as mean ± SD or median (interquartile range) for non-normal variables when appropriate, and categorical variables as frequencies and percentages with the chi-square test. Comparisons between groups were analyzed using the ANOVA test for quantitative variables and the Kruskal-Wallis test for categorical variables. The relationship between sputum eosinophils, BHR and bronchodilator reversibility was assessed using the Spearman's rank correlation coefficient. Correlation between tests was performed by constructing receiver operating characteristic (ROC) curve. The optimal cutoff value was determined from the highest sum of sensitivity and specificity. Statistical significance was defined as p,0.05.
Results
Characteristics of the patients
Patient demographic information is presented in Table 1 . A total of 374 patients were included in this study. According to the diagnostic criteria, they were divided into asthma (n=142), COPD (n=160) or ACO (n=72) groups. The mean age and smoker ratio in the three groups were significantly different from each other (p,0.001 and p,0.007, respectively). The male ratio was significantly decreased in the asthma group when compared with the levels in the COPD and ACO groups (p,0.001 and p,0.001, respectively); however, the male ratio in the COPD and ACO groups were not statistically significant (p=0.119). All participants were Chinese. PFT results are reported in Table 2 . PFT values had a highly statistically significant difference among different groups (p,0.001), except FVC between the asthma and ACO groups (p=0.378).
sputum induction
Eosinophilic airway inflammation was defined as sputum eosinophilia $2.5%. The results of induced sputum cells are provided in Table 3 . The sputum levels of eosinophilic percentage were significantly decreased in the COPD group when compared with those in the asthma and ACO groups (p,0.001 and p,0.001, respectively). In addition, sputum neutrophil% and macrophage% count had a highly statistically significant difference between the groups (p,0.001 and p,0.001, respectively). There was no significant difference in sputum eosinophil% and lymphocyte% count between the ACO and asthma groups (p=0.668 and p=0.327, respectively).
The results of induced sputum cells in the stage of COPD, ACO and asthma are provided in Table 4 . There was no significant difference in the percentage of induced sputum cells between the stage of airway obstruction and the stage of BHR.
Correlation between sputum eosinophils in Bhr and bronchial reversibility A significant correlation was found between sputum eosinophils and PD 20 (mg) in the asthma group (r=−0.1683; p=0.0453; Figure 1A ). However, no significant association was observed between ∆FEV 1 (mL) and sputum eosinophils (r=0.1498; p=0.2124; Figure 1B ). There was no relationship between sputum eosinophil% count in BHR and bronchodilator reversibility (p=0.921 and p=0.085, respectively).
analysis of the correlation between induced sputum cell counts as the dependent factor and clinical variables in the asthma, COPD and aCO groups
The results of ROC analysis for induced sputum cells are provided in Table 5 . Sputum eosinophil% count could (Figure 2A and B). In addition, sputum macrophage% count could differentiate asthma group from the ACO group with the best cutoff value of 7.16% (AUC 0.611; 95% CI 0.534-0.688, p,0.008; Figure 2C ).
Discussion
This study analyzed that the measurement of induced sputum cell counts may provide additional diagnostic information to conventional lung function tests for diagnosing asthma, COPD and ACO, although the sensitivity and specificity of these biomarkers are different. The level of sputum neutrophil% count was higher in patients with COPD than in patients with asthma and ACO, and the level of sputum eosinophil% count was lower in patients with COPD than in patients with asthma and ACO, but this was not apparent in patients with asthma and ACO. In both cohorts, the sputum level of macrophage% count was elevated in asthma when compared with those of ACO. Following the 2014 recommendations of the Chinese National Guidelines on Diagnosis and Management of Cough, eosinophilic airway inflammation was defined as the percentage of eosinophil count $2.5% in induced sputum. 4 As listed in Table 3 , airway eosinophilia is not exclusive to asthma and is present in patients with COPD. In addition, the majority of patients with COPD do not exhibit high eosinophil, but a high eosinophil in a COPD patient may indicate that this patient has ACO. Furthermore, the recent treatment guidelines of GINA (2017) presents features that characterize ACO rather than provide a formal definition of ACO.
2 Four distinct pathways have been proposed for ACO. Airflow limitation in early life can persist through adolescence into adulthood, and ACO is more likely than severe asthma if other risk factors, such as smoking, are present. A second pathway is represented in COPD patients with substantial smoking histories or other exposures and late-onset features of asthma. A third asthma-dominant pathway is represented by asymptomatic adults with airway hyperresponsiveness who progress to chronic airflow limitation compatible with a diagnosis of COPD. Finally, a fourth pathway recognizes the link between early life risk factors and small lungs, with an increased risk of development of fixed airflow limitation and asthma. Thus, from the molecular genetic point of view, ACO can represent a very heterogeneous group of patients. In addition, from clinical and practical point of view, ACO is characterized by persistent airflow limitation and airway reversibility with several features usually associated with both asthma and COPD. 6 The GOLD (2017) recently published an evidence-based clinical research guideline that blood eosinophilic counts/ percentage may be a biomarker of exacerbation risk in patients with a history of exacerbation and can predict the effects of ICS on exacerbation prevention. 3 One study of stable COPD has shown that peripheral blood eosinophil count ($0.3×10 9 /L) can serve as a diagnostic biomarker of sputum eosinophilia ($3%; AUC 0.76 [95% CI 0.67-0.84]; sensitivity 76%; specificity 60%). 7 The important finding of the study indicated that sputum cell counts provide additional diagnostic information for asthma, COPD and ACO. Therefore, although the three diseases might be complex and heterogeneous, the use of sputum may improve their specificity for airway inflammation. The changes in sputum cell count levels are likely to reflect the changes of cell composition and lung function during the development of chronic airway disease. Therefore, this study results suggest that ACO could be characterized by mediators related to airway inflammation and airway remodeling.
The strength of this study design was that the diagnostic criteria for asthma, COPD, and ACO were based on international guidelines, sputum cell counts and clinical characteristics of these diseases. In addition, we excluded patients who had characteristics possibly affecting biomarker measurement, including oral/ICS users and a confounding pulmonary comorbidity. 
Limitations
A limitation of the study was that the p-value (p=0.0453) changed slightly under 0.05, and the correlation coefficients (r=−0.1683) were very low, as shown in Figure 1A . The given number of data points may not be taken as strong evidence for such a relationship. It is possible that no relevant correlation between sputum eosinophil% and PD 20 exists in the clinical practice.
Conclusion
The clinical relevance of this study provides evidence that ACO is associated with sputum biomarkers that drive both airway inflammation and airway inflammation phenotypes, and these biomarkers could carry some information to distinguish ACO, asthma and COPD. These data may be useful for identifying patients with airway inflammation phenotypes who will have a beneficial response to treatment with an ICS, and it is important to help guide treatment and management of COPD patients. However, we need additional large-scale prospective studies to expand the clinical application of the measurement of induced sputum cell counts.
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